A detailed structural analysis has been performed for N,N 0 -bis(4-chlorophenyl)-7, 8,11,12-tetraoxaspiro[5.6] dodecane-9,10-diamine, C 20 H 22 Cl 2 N 2 O 4 , (I), N,N 0bis(2-fluorophenyl)-7, 8,11,12-tetraoxaspiro[5.6] dodecane-9,10-diamine, C 20 H 22 -F 2 N 2 O 4 , (II), and N,N 0 -bis(4-fluorophenyl)-7, 8,11,12-tetraoxaspiro[5.6] dodecane-9,10-diamine, C 20 H 22 F 2 N 2 O 4 , (III). The seven-membered ring with two peroxide groups adopts a twist-chair conformation in all three compounds. The lengths of the C-N and O-O bonds are slightly shorter than the average statistical values found in the literature for azepanes and 1,2,4,5-tetraoxepanes. The geometry analysis of compounds (I)-(III), the topological analysis of the electron density at the (3, À1) bond critical points within Bader's quantum theory of 'Atoms in molecules' (QTAIM) and NBO (natural bond orbital) analysis at the B3LYP/6-31G(d,2p) level of theory showed that there are n O !*(C-O), n N !*(C-O) and n O !*(C-N) stereoelectronic effects. The molecules of compounds (I) and (III) are packed in the crystals as zigzag chains due to strong N-HÁ Á ÁO and C-HÁ Á ÁO hydrogen-bond interactions, whereas the molecules of compound (II) form chains in the crystals bound by N-HÁ Á ÁO, C-HÁ Á Á and C-HÁ Á ÁO contacts. All these data show that halogen atoms and their positions have a minimal effect on the geometric parameters, stereoelectronic effects and crystal packing of compounds (I)-(III), so that the twist-chair conformation of the tetraoxepane ring remains unchanged.
Introduction
Organic peroxides have wide-ranging biological activities, especially as antimalarial candidates (O'Neill et al., 2010) , drugs with antitumour activity (Liu et al., 2015) and anticancer agents (Bu et al., 2017) . They are also used as explosives (Klapö tke et al., 2015; Landenberger et al., 2015) and additives for diesel fuel to increase the cetane number (Rode et al., 2010) . Considering that the development of drugs against malaria and cancerous tumours has been an urgent problem in recent years, we have obtained new organic diperoxides, namely, the N,N 0bis(4-chlorophenyl)-, (I), N,N 0 -bis(2-fluorophenyl)-, (II), and N,N 0 -bis(4-fluorophenyl)-, (III), derivatives of 7,8,11,12-tetraoxaspiro[5.6] dodecane-9,10-diamine, as agents with potential biological activity and have grown single crystals suitable for X-ray analysis. These compounds contain a seven-membered ring with two peroxide groups and N-phenyl units outside it, which, in principal, can lead to different conformational preferences depending on certain factors (for example, van der Waals interactions and stereoelectronic effects) and, consequently, to different biological activities. Even with no heteroatoms, cycloheptanes can adopt several conformational states both in the gas phase and in condensed matter, namely, chair, twist-chair, boat and twist-boat (Dillen & Geise, 1979; Tochtermann, 1970) .
X-ray diffraction analysis and theoretical calculations performed in our previous work showed that the conformational diversity of organic diperoxides is primarily due to the magnitude of an anomeric effect in the O-C-N fragment within the ring and intramolecular interactions (Tulyabaev et al., 2018) . Unfortunately, the assignment of conformational isomers in the liquid state from 1 H and/or 13 C NMR spectroscopic data was a serious challenge, because the conformers underwent rapid mutual exchange in the slow NMR time scale with a low activation barrier (1-8 kJ mol À1 ). The same is characteristic of compounds (I)-(III) considered in this work. We used, therefore, experimental X-ray diffraction data combined with theoretical calculations within the natural bond orbital (NBO) analysis and Bader's theory of 'Atoms in molecules' (Bader, 1990) to reveal conformational preferences and factors which influence them. In addition, we also studied the intermolecular interactions, which play a key role in many areas of science, including molecular recognition, aggregation, crystal engineering and polymorphism. We assume that at least intermolecular C-HÁ Á ÁO interactions, which play an important role in biological molecules (Leonard et al., 1995) , in protein-DNA interactions (Mandel-Gutfreund et al., 1998) , in protein-receptor interactions (Derewenda et al., 1994) , in catalytic processes (Paton & Goodman, 2006) and in the conformational control of molecules (Jones et al., 2012) , are possible in our series of compounds. It is also important to study the intermolecular interactions for the rational design of materials with specific physicochemical, biological and mechanical properties (Desiraju, 2011) . In addition, a rela-tionship between the chemical structure and biological activity is an important aspect for the development of biologically active molecules (Shan et al., 2011; Kim et al., 2003; Dechy-Cabaret et al., 2004) . Considering these facts, the aim of this work is an elucidation of the molecular and crystalline structures of the new 6,7-disubstituted 3-spirocyclohexyl-1,2,4,5tetraoxepanes (I)-(III) (see Scheme) based on single-crystal X-ray diffraction data, Bader's theory of 'Atoms in molecules' and quantum chemistry calculations at the B3LYP/6-31G(d,2p) level of theory. We also show that the twist-chair conformation of the tetraoxepane ring remains unchanged in these compounds and how it influences their geometrical parameters, stereoelectronic effects and crystal packing.
Experimental

Synthesis and crystallization
Compounds (I)-(III) were synthesized and characterized using various spectroscopic techniques, as described earlier (Makhmudiyarova et al., 2019) . Good-quality crystals of (I)-(III) suitable for X-ray diffraction analysis were grown from a chloroform solution via slow evaporation over a period of 48 h at ambient temperature (293-298 C).
Refinement
Crystal data, data collection and structure refinement details are summarized in Table 1 . All H atoms bound to C atoms were positioned geometrically and refined using a riding model, with aromatic C-H = 0.93 Å , CH 2 C-H = 0.97 Å and C-H = 0.98 Å , and with U iso (H) = 1.2U eq (C atoms bound to N atoms were located in difference Fourier maps and refined isotropically. The structure of (II) was refined in the space group P2 1 /c and checkCIF (https:// checkcif.iucr.org/) detected new (pseudo)symmetry element I. After applying the ADDSYM routine from PLATON (Spek, 2020) , no obvious space group change was needed.
Quantum-chemical calculations
Geometry optimization, frequency analysis and NBO calculations were performed in the gas phase for isolated molecules and dimeric pairs retrieved from the CIF files of compounds (I)-(III) at the B3LYP level of theory combined with a 6-31G(d,2p) basis set using GAUSSIAN09 software (Frisch et al., 2016) . A 'freeze' procedure for the coordinates of the non-H atoms was compulsorily used for the isolated molecules and dimeric pairs.
AIM calculations
The topological analysis of the electron density at the (3, À1) BCPs was carried out for compounds (I)-(III) with the AIMAll software (TK Gristmill Software, 2017) within the framework of Bader's theory of 'Atoms in molecules' (Bader, 1990) , both for individual molecules and for dimeric pairs. The coordinates of the atoms in compounds (I)-(III) were obtained after a refinement procedure based on the X-ray diffraction data. Dimeric pairs were built using the Mercury program (Macrae et al., 2020) based on the assumption that the lengths of the intermolecular contacts are less than the sum of the van der Waals radii of the interacting atoms. Wfn files, which are input for AIM calculations, were obtained using the GAUSSIAN09 program after the optimization procedure for the geometric parameters, together with the 'freeze' procedure of the coordinates of non-H atoms. The energies of the intermolecular interactions were calculated via the Espinosa-Molins-Lecomte equation (Espinosa et al., 1998) from the potential energy density values at the (3, À1) BCPs.
PIXEL calculations
The lattice energies of compounds (I)-(III) were calculated using the PIXEL method in the CLP computer program (Gavezzotti, 2002 (Gavezzotti, , 2003 . CLP-PIXEL is a theoretical approach to assess intermolecular potential energies using the assumption that these energies can be subdivided into Coulombic (E Coul ), polarization (E Pol ), dispersion (E Disp ) and repulsion (E Rep ) terms. The atomic coordinates are retrieved from the CIF files for molecular structures derived from X-ray diffraction measurements. The positions of the H atoms are defined in the following way. X-ray atom positions are discarded and H atoms are reassigned and positioned according to standard geometrical rules. The recognition of units and the assignment of types and coordinates for H atoms is based on standard bond lengths at the molecular environment. C-H hydrogens are reset by correcting C-C-H angles and placing them at a distance of 1.08 Å from their parent C atom. N-H hydrogens are reset based on approximate positions, which should be present in the CIF file, and are renormalized at a distance of 1.03 Å from the heavy atom. All force fields have been calibrated from such renormalized positions. PIXEL energy calculations also provide molecule interaction energies (IEs) related by the symmetry element in the crystal. Total IEs are partitioned for each contact into their Coulombic, polarization, dispersion and repulsion contributions.
Results and discussion
Molecular structures of compounds (I)-(III)
The structures of compounds (I)-(III) depicted in Fig. 1 are similar for comparative analysis. They include a central tetraoxepane ring, which bears substituents at atoms C1, C9 and C10. The 1,2,4,5-tetraoxepane ring in all three structures has a spiro junction with a cyclohexane ring at the C1 atom. In (I), there are p-chloroaniline fragments at atoms C9 and C10, whereas in (II) and (III), these substituents are o-fluoroaniline and p-fluoroaniline, respectively. There are some similar systems containing the same seven-membered tetraoxepane ring, which can adopt chair [Cambridge Structural Database (CSD; Groom et al., 2016) refcode QAQFAP (McCullough et al., 1999) ] and twist-boat conformations (refcode QONLOU; Nonami et al., 2000) in the crystalline state. It should be noted that the tetraoxepane ring in QAQFAP is annelated with a norbornane fragment, whereas it has a spiro junction with a research papers cyclohexane ring in QONLOU. The O7-O8Á Á ÁO11-O12 pseudotorsion angles, which can lead to various conformers of the seven-membered tetraoxepane ring, are 0.73 (11) and À75.4 (2) in QAQFAP and QONLOU, respectively. The tetraoxepane ring in compounds (I), (II) and (III), in which the O7-O8Á Á ÁO11-O12 pseudotorsion angles are À75.47 (14), À79.32 (10) and À74.80 (17) , respectively, adopts a twist-chair conformation. The N-aryl substituents are anti oriented relative to each other; the N20-C10-C9-N13 torsion angles are À73.0 (3), À79.4 (2) and À68.8 (4) in compounds (I), (II) and (III), respectively. The largest N20-C10-C9-N13 torsion angle is seen for (II) with o-fluoroaryl substituents at the N atoms, because this leads to a minimum steric hindrance between them. Meanwhile, the dihedral angle between the research papers 
mean planes of the benzene rings in the structures of (I), (II) and (III) are 73.44 (10), 51.25 (8) and 62.60 (14) , respectively. In general, we may assume that the halogen atoms and their positions in the benzene fragments have a small effect on the geometric parameters of the molecules.
The torsion angles in all three structures have similar values and are in agreement with those for QONLOU ( Table 2 ). The torsion angles C1-O7-O8-C9, C10-O11-O12-C1, O7-C1-O12-O11 and O12-C1-O7-O8 in (II) are slightly greater ($2 ) compared to those in (I) and (III). On the other hand, torsion angles C10-C9-O8-O7, O8-C9-C10-O11 and C9-C10-O11-O12 in (I) and (III) are greater in comparison with those of (II). We suppose that these torsion-angle differences are due to various intermolecular interactions, slight variations in stereoelectronic effects and the crystal packing.
The cyclohexane fragment adopts a chair conformation in compounds (I)-(III). The molecules have a local mirror plane passing through the C1 and C4 atoms, and through the middle of the C9-C10 bond, which should lead to equivalent bonds. In fact, the C-O and O-O bonds in compounds (I)-(III) are similar relative to this symmetry plane of the tetraoxepane ring ( Table 3 ). The lengths of the C1-O7 and C1-O12 bonds in (I), for example, are 1.423 (3) and 1.430 (3) Å , respectively, whereas the lengths of the C10-N20 and C9-N13 bonds are and 0.066 (3) Å , respectively. All N atoms in (I)-(III) have a planar configuration, when the sum of the angles at the N atom is $360 , which is due to conjugation between thesystem of the aromatic substituent and the lone electron pair of the N atom. It should also be noted that halogen-substituted aniline fragments in compounds (I)-(III) have a pseudoequatorial orientation relative to the tetraoxepane ring. The discrepancy between the lengths of the C-O or C-N bonds in compounds (I)-(III) and the literature data is probably due to stereoelectronic effects. In addition, we may assume that intermolecular interactions can have an effect on the conformational preferences of the tetraoxepane rings in compounds (I)-(III).
NBO analysis of compounds (I)-(III)
An electron-density distribution and the differences in bond lengths were analysed from the point of view of stereoelectronic effects. These interactions appear between the lone electron pair (lp) of an X atom and the antibonding orbital of a polar bond (*), and lead to an antiperiplanar position of the lp relative to the C-Y bond. Two lp-X-C-Y fragments can be distinguished in the structures of (I)-(III), i.e. lp-O-C-O and lp-N-C-O. Natural bond orbital (NBO) analysis is the most effective method for studying conjugate interactions and for explaining intra-and intermolecular interactions. Table 4 shows the results of an NBO analysis for compounds (I)-(III). There is an interaction between the lone electron pair of atom O7 and the antibonding orbitals of the C1-O12 bond in the O7-C1-O12 fragment in both the forward [lp(O7)!*(C1-O12)] and the reverse directions [lp(O12)!*(C1-O7)]. It should be noted that the strongest interaction occurs in structure (III) between lp(O7) and *(C1-O12) (44.31 kJ mol À1 ), whereas the weakest interaction is in (I) (44.02 kJ mol À1 ). In addition, the interaction in the reverse direction appears between lp(O12) and *(C1-O7) and is strongest in (II) (45.19 kJ mol À1 ) and weakest in (I) (44.81 kJ mol À1 ). Similar stereoelectronic interactions were observed in other work (Juaristi & Notario, 2018; Cramer et al., 1997) . A large energy is characteristic for n N !*(C-O) interactions (from 71.59 to 86.48 kJ mol À1 ). It should be noted that the interaction between lp(N13) and the antibonding orbital of the C9-O8 bond in the structure of (III) is greatest among all the n N !*(C-O) interactions in comparison with the structures of (I) and (II), which leads to a Table 3 Selected bond lengths (Å ) in structures (I)-(III). Table 4 The second-order perturbation energy E(2) (donor!acceptor) (kJ mol À1 ) calculated at the B3LYP/6-31G(d,2p) level. (5) (Table 4) , in contrast to tetraoxazocanes described in our previous work (Tulyabaev et al., 2018) . The weak n O !*(C-N) is due to poor overlap (looking at the likely positions of the lone pairs on O8, for example, one is anti to C9-H9 and one is anti to C9-C10, and both lone pairs are gauche with respect to the C9-N13 bond).
AIM analysis of compounds (I)-(III)
A quantum theory of 'Atoms in molecules' (QTAIM) was used for the qualitative description of chemical bonds (Bader, 1990) . Valuable chemical information with regard to the research papers Acta Cryst. (2020). C76, 276-286
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Figure 2
Motifs in the structure of (I) formed due to (a) N-HÁ Á ÁO and C-HÁ Á ÁO hydrogen-bond interactions, and (b) C-HÁ Á Á and N-HÁ Á ÁCl contacts along the b axis.
structure of compounds can be obtained from the distribution of electron density, in particular, from its Laplacian r 2 (r) (Bushmarinov et al., 2008; Konovalova et al., 2011; Nelyubina & Lyssenko, 2013) . The electrons are concentrated in regions,
where r 2 (r) < 0, and are deconcentrated, where r 2 (r) > 0. The electron-density Laplacian reveals the implicit features of a chemical bond hidden in the electron density of the molecules. Topological analysis of the electron-density distribution in molecules (I)-(III) showed that the largest electron density and its Laplacian at the (3, À1) bond critical points (BCPs) is typical of C-N bonds in comparison with the others bonds of the tetraoxepane ring (Table 3) Topological parameters of the electron density at the (3, À1) BCPs for intermolecular interactions in the crystals of compounds (I)-(III). Symmetry codes: (i) Àx + 1 2 , y À 1 2 , Àz + 3 2 ; (ii) x, y À 1, z; (iii) Àx + 3 2 , y À 1 2 , Àz + 3 2 ; (v) x, Ày + 1 2 , z + 1 2 ; (vi) Àx + 1, Ày, Àz + 1; (vii) x + 1, y, z; (viii) Àx + 1, Ày + 1, Àz + 1; (ix) Àx + 3, Ày, Àz + 1; (x) Àx + 2, Ày + 1, Àz + 1; (xi) x + 1 2 , Ày À 1 2 , z + 1 2 ; (xii) x, Ày + 3 2 , z + 1 2 ; (xiii) Àx + 1, y À 1 2 , Àz + 1 2 ; (xiv) Àx + 1, Ày + 2, Àz; (xv) Àx, Ày + 2, Àz; (xvi) Àx, Ày + 2, Àz + 1; (xvii) Àx + 2, Ày + 1, Àz; (xviii) x + 1 2 , Ày + 3 2 , Àz + 1 2 ; (xix) x + 1 2 , Ày + 1 2 , z + 1 2 . theory to estimate an asymmetry of the electron-density distribution at the (3, À1) BCPs. This parameter allows characterization of the shape of the electron-density distribution and, accordingly, an estimation of the contribution of a -component to the bond formation. The highest ellipticity values are typical of C-O bonds (Table 5) Compound (I) crystallizes in the monoclinic space group P2 1 /n with Z = 4 and only one molecule in the asymmetric unit. Calculation of the lattice energy using the PIXEL method for this compound showed that the dispersion energy is a main component (227.7 kJ mol À1 or 67.9% of the total energy) ( Table 6 ).
The molecules of (I) form zigzag chains in the crystal ( Fig. 2a ) due to strong N13-H13Á Á ÁO12 i (see Tables 7 and 8 for symmetry codes) hydrogen bonds (13.93 kJ mol À1 ) along the b axis. The molecules are arranged in these chains in a side-by-side manner.
The C(6) chains may be distinguished as a synthon (Etter, 1990) . The topological parameters of the (3, À1) BCPs show that the N13-H13Á Á ÁO12 i interaction is the strongest (Table 7) , which indicates its significant contribution to the stabilization energy of the crystal structure. There is also an C15-H15Á Á ÁO12 i interaction, whose length is 2.632 Å , which forms C(6) chains between the H15 atom of an arene ring and atom O12 of the tetraoxepane ring; this distance is slightly longer than the sum of the van der Waals radii, by 0.032 Å . Atom O12 participates in bifurcated intermolecular interactions.
In addition, C-HÁ Á ÁO interactions are also formed in this chain between atom H23 of the phenyl fragment and the O8 i atom. The interaction energy for the C23-H23Á Á ÁO8 i hydrogen bond is 16.5% greater than that for C15-H15Á Á ÁO12 i .
PIXEL calculations show that these interactions are predominantly dispersive, in which the contribution of the electrostatic energy is relatively large at 40.8% (Table 8) . Topological analysis of the electron density at the (3, À1) BCPs within Bader's theory of 'Atoms in molecules' also showed that there are weak C-HÁ Á Á and C-HÁ Á ÁN interactions. The energy of the C-HÁ Á Á contacts is no more than 3.77 kJ mol À1 , whereas the energy of the C-HÁ Á ÁN hydrogen bonds is no more than 2.93 kJ mol À1 . The zigzag chains are then bound together via C25-H25Á Á Á iii , C25-H25Á Á ÁN13 iii , N20-H20Á Á ÁCl2 iii and C26-H26Á Á ÁCl2 iii interactions along the a axis (Fig. 2b) . The length of the N20-H20Á Á ÁCl2 iii interaction is 2.894 Å , which is much shorter than the sum of the van der Waals radii, and the N20-H20Á Á ÁCl2 iii angle is 161 . The literature data indicate that the HÁ Á ÁCl distances in N-HÁ Á ÁCl interactions range from 2.36 to 2.82 Å and N-HÁ Á ÁCl valence angles are in the range 130-173 , which are assigned to strong interactions and can play an important role in forming motifs (Zhang et al., 2006) . In our case, the N20-H20Á Á ÁCl2 iii interaction conforms to these criteria for strong intermolecular bonding and is dispersive in origin (the dispersion contribution is 63.1%).
The positive values of the electron-density Laplacian at the (3, À1) BCPs obtained after topological analysis of the electron density indicate that the intermolecular contacts considered are assigned to closed-shell interactions. Unusually high ellipticity values are observed in the (3, À1) BCPs of C25-H25Á Á ÁN13 iii interactions, which indicates their dynamic instability. It should be noted that all the hydrogen bonds are dispersive when the contribution from the dispersive energy ranges from 59.2 to 72.02%. The molecules of compound (II) also form centrosymmetric monoclinic crystals, but in the space group P2 1 /c in contrast to (I). The lattice energy of compound (II) is 155.8 kJ mol À1 , which is less than that for (I) and (III) ( Table 6 ). In the crystal of compound (II), the molecules are bound to each other primarily via N13-H13Á Á ÁO7 xii and N20-H20Á Á ÁO12 xii hydrogen bonds to form chains along the c axis (Fig. 3a) .
The molecules of (II) are oriented in an anti manner relative to each other inside the chains. It should be noted that the N-HÁ Á ÁO interactions are not equivalent and differ from each other. Indeed, the length of the OÁ Á ÁH interaction is 2.631 (3) Å in the N20-H20Á Á ÁO12 xii intermolecular interaction, whereas it is 2.394 (3) Å in N13-H13Á Á ÁO7 xii . As a result, the energy of N13-H13Á Á ÁO7 xii is greater by 7.99 kJ mol À1 than that of N20-H20Á Á ÁO12 xii . In this case, the electrostatic contribution to the binding energy is 41.69%. Weak intermolecular C-HÁ Á ÁF, C-HÁ Á ÁO and C-HÁ Á Á interactions are also formed between the molecules in the chains. It should be noted that the topological parameters at the (3, À1) BCPs and the geometric parameters for the C-HÁ Á ÁO intermolecular interactions almost coincide, unlike the N-HÁ Á ÁO contacts. Indeed, the lengths of the C10-H10Á Á ÁO7 v and C9-H9Á Á ÁO12 v interactions and their energies differ by 0.025 (13) Å and 0.12 kJ mol À1 , respectively. Atoms O7 and O12 act as acceptors to form bifurcated intermolecular interactions. C5-H5AÁ Á ÁF2 v and C2-H2BÁ Á ÁF1 v intermolecular interactions, with energies of 10.25 and 4.98 kJ mol À1 , respectively, are formed in one direction with N-HÁ Á ÁO and C-HÁ Á ÁO contacts. The ellipticity at the (3, À1) BCPs of the C2-H2BÁ Á ÁF1 v contact is larger than that of C5-H5AÁ Á ÁF2 v , which indicates a larger contribution of a -component to this bond. C6-H6BÁ Á Á v and C2-H2AÁ Á Á v contacts are orthogonal to the N-HÁ Á ÁO, C-HÁ Á ÁO and C-HÁ Á ÁF interactions, and their lengths are less than the sum of the van der Waals radii [3.017 (10) and 3.026 (10) Å , respectively]. The molecules of compound (II) are oriented along the b axis in a head-to-tail arrangement and are linked by cyclohexyl-C3-H3BÁ Á ÁF2 iii hydrogen bonds. It should be noted that the F2 atom forms bifurcated intermolecular interactions with the H atoms of the cyclohexyl fragments, which are different in energy and in terms of the topological parameters of the electron density at the (3, À1) BCPs. A C17-H17Á Á ÁO8 iv contact appears along the a axis between the H17 atom of an arene ring and the O8 iv atom of a tetraoxepane ring (Fig. 3b) . Relatively large values of the electron density and its Laplacian at the (3, À1) BCPs allow us to conclude that the C17-H17Á Á ÁO8 iv interactions are medium in strength. It should also be noted thatcontacts are formed between the chains, in which the contribution of the dispersion energy is 85.3% (Fig. 3c) .
The molecules of compound (III) form centrosymmetric crystals with the monoclinic space group P2 1 /n and Z = 4. The dispersion energy calculated using the PIXEL approach is predominant in the formation of the crystal structure (-187.3 kJ mol À1 and 69.1% of the total lattice energy), as is also the case for compounds (I) and (II). Zigzag chains are formed in the crystals of (III) due to N-HÁ Á ÁO hydrogen bonds along the b axis (Fig. 4a) , as in the case of compound (I). C15-H15Á Á ÁO12 iii and C25-H25Á Á ÁO8 iii contacts are additionally formed between the molecules inside the chain. The O12 iii atom also participates in the formation of a one-component bifurcated hydrogen bond, where the N-bound H13 atom and the H15 atom of an arene ring act as electron donors. The ellipticity at the (3, À1) BCPs for the C15-H15Á Á ÁO12 iii and N13-H13Á Á ÁO12 iii interactions indicates an insignificant contribution of a -component in them. A C25-H25Á Á ÁO8 iii interaction is seen between the H25 atom of an arene ring and the O8 iii atom of a peroxide group, and is equivalent to the C15-H15Á Á ÁO12 iii contact in strength (the interaction energy is 8.16 kJ mol À1 ) and has similar values of the electron density and its Laplacian at the (3, À1) BCPs. QTAIM analysis showed that there are three C-HÁ Á ÁN hydrogen bonds, two of which are bifurcated with H5A as the common H atom. These interactions differ in terms of topological parameters; they have differences in the energy, Laplacian and ellipticity of the electron density at the (3, À1) BCPs. C-HÁ Á Á interactions are formed between the H4B atom of the cyclohexane group and the -system of an arene ring. This interaction has a high ellipticity value of the electron density at the (3, À1) BCP in comparison with the other contacts, which indicates a significant contribution of the -component to its formation.
Zigzag chains are further bound to each other in the crystal of compound (III) due to arene-C-HÁ Á ÁF and cyclohexyl-C-HÁ Á ÁF interactions (Fig. 4b) . QTAIM analysis showed that the energy of both C-HÁ Á ÁF contacts is about 8.91 kJ mol À1 , which is slightly less than that for N-HÁ Á ÁO interactions. An N-HÁ Á ÁF hydrogen bond, with a length of 2.654 (16) Å , which is greater than the sum of the van der Waals radii (2.55 Å ), is formed in the crystal of compound (III) in contrast to (II). The distance between the rings is 3.444 (4) Å , which satisfies the conditions forinteractions (d 3.6 Å and an angle of no more than 115 ). The dispersion energy is the main component in theinteractions (63.8%). The dimers (zerodimensional motifs) are also formed in the crystal of compound (III) due to C9-H9Á Á Á viii contacts, in which the dispersion contribution is 67.4% according to PIXEL calculations ( Fig. 4c ). C6-H6AÁ Á ÁO7 xviii and C16-H16Á Á ÁO11 ii contacts are also detected in the crystal of compound (III), but their lengths are greater than the sum of the van der Waals radii by 0.331 (3) and 0.225 (17) Å , respectively.
Conclusions
In summary, compounds (I)-(III) considered in this work form monoclinic single crystals (space groups P2 1 /c and P2 1 /n). The seven-membered ring with two peroxide fragments in all three compounds adopts a twist-chair conformation regardless of halogen atoms and their positions in the benzene rings (the O7-O8Á Á ÁO11-O12 pseudotorsion angle varies from À79.32 to À74.8 ). Benzene groups in all compounds are arranged relative to each other in such a way that this leads to a minimum steric hindrance between them (the N20-C10-C9-N13 torsion angle range is 68.8-79.4 ). The lengths of the C-O and O-O bonds in compounds (I)-(III) are slightly less than the average values, which is probably due to n O !*(C-O) (29.54-45.19 kJ mol À1 ), n N !*(C-O) (71.59-86.48 kJ mol À1 ) and n O !*(C-N) (3.22-3.68 kJ mol À1 ) stereoelectronic effects. The crystal packing of compounds (I) and (III) involves zigzag chains formed via strong N-HÁ Á ÁO (11.97-13.93 kJ mol À1 ) and C-HÁ Á ÁO (7.95-9.58 kJ mol À1 ) interactions. These zigzag chains are stabilized by weak C-HÁ Á Áhalogen, N-HÁ Á ÁCl and C-HÁ Á Á interactions. The molecules of compound (II) form chains due to N-HÁ Á ÁO hydrogen bonds, which are stabilized via weak C-HÁ Á Á and C-HÁ Á ÁO interactions. All these data indicate that halogen atoms and their positions in the aromatic rings have a slight effect on the geometric parameters, the stereoelectronic effects and the crystal packing of compounds (I) and (III), so that the twist-chair conformation of the tetraoxepane ring remains unchanged in them. 
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Computing details
For all structures, data collection: CrysAlis PRO (Agilent, 2014) ; cell refinement: CrysAlis PRO (Agilent, 2014) ; data reduction: CrysAlis PRO (Agilent, 2014) . Program(s) used to solve structure: SHELXT (Sheldrick, 2015a) for compound_I, compound_III; SHELXD (Sheldrick, 2008) for compound_II. For all structures, program(s) used to refine structure: SHELXL2018 (Sheldrick, 2015b); molecular graphics: OLEX2 (Dolomanov et al., 2009) ; software used to prepare material for publication: OLEX2 (Dolomanov et al., 2009) . 
Special details
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes.
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å 2 ) 109.2 C9-N13-H13 121 (2) N13-C9-C10 110.8 (2) C14-N13-C9 123.0 (2) N13-C9-O8 106.4 (2) C14-N13-H13 112 (2) O8-C9-H9 109.2 C10-N20-H20 116 (2) O8-C9-C10 111.9 (2) C21-N20-C10 123.8 (2) C9-C10-H10 109.9 C21-N20-H20 114 (3) N20-C10-C9 108.9 (2) C1-O7-O8 110.13 (18) N20-C10-H10 109.9 C9-O8-O7 105.63 (18) N20-C10-O11 106.2 (2) C10-O11-O12 106.58 (16) O11-C10-C9 112.13 (19) C1-O12-O11 109.00 (18) C1-C2-C3-C4 53.1 (3) C22-C21-N20-C10 −13.9 (4) C1-O7-O8-C9 104.2 (2) C22-C23-C24-C25 0.4 (4) C2-C1-C6-C5 50.4 (3) C22-C23-C24-Cl2 −178.7 (2) C2-C1-O7-O8 −166.28 (19) C23-C24-C25-C26 1.0 (5) C2-C1-O12-O11 66.8 (3) C24-C25-C26-C21 −1.7 (5) C2-C3-C4-C5 −58.0 (4)
103.67 (19) N20-C21-C22-C23 −178.9 (2) C14-C15-C16-C17 1.3 (4) N20-C21-C26-C25 −179.7 (3) C15-C14-C19-C18 3.0 (4) O7-C1-C2-C3 −172.7 (2) supporting information sup-6 . C76, 276-286 where P = (F o 2 + 2F c 2 )/3 (Δ/σ) max < 0.001 Δρ max = 0.67 e Å −3 Δρ min = −0.31 e Å −3 Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes.
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